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THE CHOLINERGIC ANTI-INFLAMMATORY PATHWAY (CAP) is a physiological mechanism by which local inflammation activates the afferent (sensory) fibers of the vagus nerve to signal the brain to trigger an anti-inflammatory response through firing of the efferent (motor) vagus nerve. Acetylcholine released by stimulation of the vagus nerve binds to nicotinic acetylcholine receptors (nAChRs) expressed by macrophages and other immunocompetent cells that modulate or participate in the inflammatory response to suppress proinflammatory cytokine production. Cholinergic agonists (including nicotine and GTS-21) produce effects similar to the electrical stimulation of the vagus nerve (5, 23, (32) (33) (34) .
The nAChR family are ligand-gated ion channels that mediate diverse physiological functions and were originally identified in the nervous system. They consist of many different subtypes formed by the specific assembly of five polypeptide subunits including ␣1-10, ␤1-4, ␥, ␦, and ε (10, 12, 16) . The subunits fall into two broad groups: neuronal nicotinic receptors (consisting of ␣2-10 and ␤2-4) and muscle nicotinic receptors (consisting of ␣1, ␤1, ␥, ␦, and ε). Functional neuronal nAChR subtypes are either homomeric (consisting of 5 identical ␣-subunits, as in ␣7-or ␣9nAChR) or heteromeric (consisting of combinations of the ␣-and ␤-subunits, such as ␣3␤2nAChR).
We and others have recently shown the expression of these receptors in nonneuronal tissue (2, 17-19, 28, 34, 38) . The ␣7 receptor (␣7nAChR) has been well-characterized and shown to mediate the anti-inflammatory effects of cholinergic stimulation (29, 33, 34, 38) . Both electrical and pharmacological stimulation of the CAP significantly reduce proinflammatory cytokine production, including tumor necrosis factor (TNF), IL-1␤, IL-6, IL-8, and high-mobility group box 1. This reduction in cytokine synthesis is associated with improved outcomes in experimental endotoxemia, hemorrhagic shock, pancreatitis, peritonitis, and other diseases associated with excessive cytokine release (3, 5, 11, 23, 33) .
The intracellular mechanisms by which cholinergic stimulation blunts cytokine production are not completely understood, but current knowledge suggests that ligand-receptor interaction on cytokine-expressing cells decreases nuclear translocation of NF-B and may involve the JAK2/STAT3 and suppressor of cytokine signaling-3 cascade (8, 30) . Therefore, the CAP represents a physiological anti-inflammatory mechanism that can be exploited to treat clinical conditions associated with significant inflammation, such as renal ischemia-reperfusion (I/R) injury. Renal I/R injury is a common clinical condition that affects both native and transplanted kidneys and is associated with high morbidity and mortality. The pivotal role of inflammation as a key mechanism in renal I/R injury is wellestablished, but despite the advances in our understanding of the pathophysiological mechanisms involved, the prognosis for this type of renal injury has not improved much (4, 36) . Thus there is a critical need to develop novel therapeutic agents to prevent complications of renal I/R injury.
Recently, we demonstrated that the cholinergic agonists nicotine and GTS-21 attenuate renal I/R injury in rats. We also showed that rat tubular epithelial cells express functional nAChRs in vitro (38) . GTS-21 is a selective ␣7nAChR agonist, suggesting a specific role of the ␣7nAChR in mediating the renoprotective effects. This conclusion is supported by a report by Sadis et al. (29) showing that nicotine treatment protects wild-type mice but not ␣7nAChR-deficient mice from renal I/R injury. However, to effectively harness the CAP to treat renal I/R injury, a detailed knowledge and understanding of the identity, cellular localization, and regulation of the nAChRs in the kidney is essential. By using a rat model of renal I/R injury, the present study was designed to test the hypothesis that the kidney constitutively expresses nicotinic acetylcholine receptors that are modulated during renal I/R injury and mediate the anti-inflammatory effects observed following the administration of cholinergic agonists.
MATERIALS AND METHODS
Reagents. The ␣7nAChR nAChR primary (monoclonal) antibody used for Western blotting was obtained from Abcam (Cambridge, MA). The ␣2nAChR and ␣3nAChR primary (polyclonal) antibodies and the primary antibody for total STAT3 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Primary antibody for pSTAT3
Tyr705 was obtained from Cell Signaling Technology (Danvers, MA). All other reagents were commercial products of the highest quality.
Animals. Male Sprague-Dawley rats (250 -300 g) purchased from Taconic Farms (Germantown, NY) were housed in a light-controlled room with a 12:12-h light-dark cycle and allowed free access to water and standard rat chow. Rats were acclimatized for 1 wk before experimentation. All animals received humane care in compliance with the National Research Council's Guide for the Care and Use of Laboratory Animals. The animal protocol was reviewed and approved by the Institutional Animal Care and Use Committee of the North Shore-Long Island Jewish Health System.
Experimental groups and renal ischemia model. An established model of renal I/R injury in rats was used (27) . In brief, male Sprague-Dawley rats were anesthetized by intramuscular injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). A midline abdominal incision was made to expose the left kidney. Blood supply to the left kidney was interrupted by the application of nontraumatic microvascular clamps (Fine Science Tools, Foster City, CA) around the left renal artery. Ischemia was confirmed by blanching of the kidneys. After 45 min, the clamp was removed and reperfusion was confirmed visually. The wound was then closed in two layers with a 4-0 silk suture, and the animals were allowed to recover with free access to food and water. During the experiment, the animals were kept hydrated with normal saline instilled intraperitoneally and were kept on warm heating pads to maintain body temperature. The rats were euthanized by CO 2 inhalation, and the left kidneys were harvested after 2, 4, 6, or 24 h of reperfusion. There were three rats in each group. In addition, frozen kidney samples and formalin-fixed paraffin sections from rats treated with nicotine (1 mg/kg) were available from our previous experiments.
RT-PCR. Total RNA was extracted from the kidney and RT-PCR was performed using primers as described previously (38) . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control to verify the efficiency of RNA isolation and cDNA synthesis. PCR products were run on a 1.5% agarose gel containing ethidium bromide and visualized under ultraviolet illumination.
Quantitative real-time (TaqMan) RT-PCR. Gene-specific oligonucleotide primers and probes were designed using Primer Express software (Applied Biosystems, Foster City, CA). The primers and probes were used for the ␣7nAChR gene (forward, 5-ATCTGATTCTGTGCCCTT-GATAGC-3; reverse, 5-CACAATCACTGTCACCACTACAGAGA-3; probe, 5-FAM-AATACTTCGCCAGCACCATGATCATCGT-3) and for the GAPDH gene (forward, 5-GGCCTACATGGCCTCCAA-3; reverse, 5-GGCCTCTCTCTTGCTCTCAGTATC-3; probe, 5-FAM-AG-TAAGAAACCC CTGGACCACCCAGC-3). One-step real-time PCR was performed on an ABI Prism 7700 sequence detection system (Applied Biosystems) using the Eurogentec RT-QPCR master mix. The thermal cycler conditions included an initial RT step of 30 min at 48°C and then a denaturing step at 95°C for 10 min, followed by 45 cycles at 95°C for 15 s and 60°C for 1 min. Amplification products were verified by melting point curves. All reactions were run in duplicate and included a negative control. The relative gene expression was determined using the ⌬⌬Ct method. The results were normalized with data from the housekeeping gene GAPDH and were expressed relative to the mean of the control (normal healthy kidney) group.
Western blotting. Pieces of frozen kidney were homogenized in RIPA buffer containing a protease and phosphatase inhibitor cocktail (Sigma, St. Louis, MO). Protein concentration was quantified using the bicinchoninic acid (BCA) protein assay (Pierce Biotechnology, Rockford, IL). Proteins (60 g/lane) were separated by SDS-polyacrylamide gel electrophoresis (Invitrogen, Carlsbad, CA) and then transferred to a polyvinylidene difluoride membrane (Amersham Biosciences, Piscataway, NJ). Nonspecific binding to the membrane was blocked with Odyssey blocking buffer for 1 h at room temperature. The membrane was then incubated with the primary antibody (␣7nAChR, 1:200; pSTAT3 Tyr705 , 1:1,000; total STAT3, 1:200) for 1 h at room temperature (in the case of the pSTAT3 antibodies, the incubation was carried out overnight at 4°C). The blot was then incubated with the appropriate near-infrared-fluorescently labeled secondary antibody (1:15,000) for 1 h at room temperature. After washing, protein bands were revealed using the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE).
Immunohistochemistry. Formalin-fixed paraffin sections were used. After routine deparaffinization, heat-induced epitope retrieval was done using a citrate-based buffer. Endogenous peroxidase was quenched by incubation with 3% H2O2 in phosphate-buffered saline (PBS; pH 7.4) for 5 min. The sections were permeabilized using 0.1% (wt/vol) Triton X-100 in PBS for 15 min. Nonspecific binding was minimized by incubating sections with 5% normal serum from the species in which the secondary antibody was raised (diluted in 5% bovine serum albumin/PBS) for 60 min at room temperature. Endogenous biotin and avidin binding sites were blocked by sequential incubation with avidin and biotin for 15 min (Vector Laboratories, Burlingame, CA). The slides were then rinsed and incubated with the primary antibodies or non-immune serum (diluted 1:50) overnight at 4°C. The slides were rinsed with PBS (3 times) and incubated with the biotinylated secondary antibody for 30 min at room temperature. Binding was revealed using an ABC peroxidase kit and the substrate 3,3Ј-diaminobenzidine (Santa Cruz Biotechnology). Slides were counterstained with hematoxylin, dehydrated in alcohol, cleared in xylene, and mounted. The slides were examined by a pathologist (M. Susin) who was blinded to the experimental conditions.
Analysis of proteasome activity. The chymotrypsin-like activity of the proteasome was measured using the fluorogenic substrate succinyl-LLVY-7-amino-4-methylcoumarin (Biomol Research Laboratory, Plymouth Meeting, PA). Proteasome activity was determined in tissue homogenates as described by Powell et al. (26) . In brief, kidney samples were homogenized in HEPES buffer (50 mmol/l) containing KCl (20 mmol/l), MgCl2 (5 mmol/l), DTT (1 mmol/l), pH 7.5, and then centrifuged at 10,000 g for 20 min at 4°C. The supernatant was collected and used immediately for determining the proteasome activity. Supernatant (30 g of protein) was added to assay buffer and incubated for 1 h at 37°C with the proteasome substrate at a final concentration of 20 mol/l. The samples were monitored at 360-nm excitation and 460-nm emission wavelengths using a fluorescence multiwell plate reader (Perspective Biosystems, Framingham, MA). The results are expressed as relative fluorescence per 30 g of tissue lysate.
Statistical analysis. All data are means Ϯ SE. Multiple group comparisons were performed using analysis of variance followed by Dunnett's post hoc testing or Student's t-test for data with only two subgroups. Statistical significance was set at P Ͻ 0.05.
RESULTS
The kidney constitutively expresses nAChRs. To gain insight into basal renal expression of nAChRs, we examined mRNA expression by RT-PCR using total mRNA samples from healthy rat kidneys. We observed constitutive expression of the ␣2, ␣3, ␣5, ␣7, ␣9, ␣10, ␤1, ␤2, and ␤4 subunit mRNA (Fig. 1A) . The primers for each subunit yielded products of expected size. Based on the mRNA expression profile, we determined that most of the functional nAChRs on the cell membrane would contain either one or more of the ␣2, ␣3, or ␣7 receptor subunits. Using immunohistochemistry, we confirmed basal expression of ␣2, ␣3, and ␣7 receptor subunit proteins in the kidney (Fig. 1B) .
Renal I/R injury downregulates ␣7nAChR subunit mRNA. Animals underwent unilateral renal artery occlusion for 45 min, followed by varying periods of reperfusion (2-24 h). This insult leads to acute kidney injury and a robust inflammatory response mediated by cytokines, chemokines, and inflammatory cells, including neutrophils and macrophages. The ␣7nAChR is important in mediating the anti-inflammatory effects of cholinergic receptor activation. Using real-time PCR, we found a time-dependent decrease in the ␣7nAChR mRNA ( Fig. 2A) . Preischemic treatment with nicotine, a cholinergic agonist, significantly increased the mRNA expression relative to vehicle treatment (Fig. 2B) .
Renal I/R injury increases ␣7nAChR subunit protein expression, whereas pretreatment with nicotine decreases expression. We studied the expression and the changes in the ␣7nAChR subunit protein following renal I/R injury using Western blotting (Fig. 3A) . The ␣7nAChR subunit protein was expressed constitutively in healthy (control) kidneys, but contrary to the mRNA expression, the subunit protein was increased by I/R injury. The protein was identified as a band with an apparent molecular mass of ϳ56 kDa. Protein expression was similar in sham-operated animals and healthy animals (data not shown). After their synthesis, ␣7nAChR subunits assemble into (homomeric) pentameric channels and are transported from the endoplasmic reticulum through the Golgi to the cell membrane. Previous studies showed that pretreatment with cholinergic agonists (nicotine and GTS-21) attenuates renal damage following I/R injury. Therefore, we assessed the effect of nicotine treatment on ␣7nAChR expression following renal I/R injury using Western blotting methods. Compared with vehicle treatment, nicotine treatment clearly reduced the ␣7nAChR expression (Fig. 3B) .
Renal I/R injury decreases proteasome activity. The ubiquitinproteasome system is a major cellular protein degradation pathway that regulates cellular responses to various stimuli (14) and has been shown to regulate nicotinic receptor expression (6) . To explore the basis for the observed differential expression of ␣7nAChR mRNA and protein after renal I/R injury, we hypothesized that the increased protein was due to I/R-induced impairment in proteasome activity. Using a fluorogenic substrate, we measured the 20S proteasome activity in kidney homogenates. Our results show reduction in proteasome activity that was most significant at 2 h postreperfusion and persisted at 24 h postreperfusion ( Table 1) .
Localization of ␣7nAChR by immunohistochemistry. The cellular distribution of the ␣7nAChR was examined with immunohistochemical staining using formalin-fixed paraffin kidney sections and polyclonal ␣7nAChR antibody (Santa Cruz Biotechnology). In healthy kidneys, ␣7nAChR immunostaining was localized predominantly in the endothelium of cortical peritubular capillaries (Fig. 4A) . The extent of Fig. 1 . The rat kidney constitutively expresses many nicotinic acetylcholine receptor (nAChR) subunits. A: constitutive renal nAChR mRNA expression was determined by RT-PCR. GAPDH was used as an internal control. The ␣1, ␣4, ␣6, ␤3, ␦, and ␥ transcripts were not detected. M, molecular mass marker; G, GAPDH. B: constitutive renal ␣2, ␣3, and ␣7 nAChR subunit protein expression was determined using immunohistochemistry.
␣7nAChR-positive staining increased within the cortex after renal I/R injury (Fig. 4B) . No medullary staining was present in healthy tissue; however, peritubular capillary staining was seen in the medulla after renal I/R injury (not shown). Also, staining of the endothelium of venules was seen in both healthy kidneys and after renal I/R injury. Pretreatment with nicotine resulted in less staining compared with vehicle treatment (Fig. 4C) . No significant signal was apparent in the other parts of the kidney, especially glomeruli or tubules. Infiltrating cells stained only rarely, suggesting that the increase in ␣7nAChR protein detected by Western blotting is not due to infiltrating cells. The specificity of the labeling was confirmed by absence of signal when the primary antibody was omitted and also when the sections were incubated with isotype control antibodies (Fig. 4D) .
Renal I/R-induced STAT3 activation is inhibited by nicotine.
The JAK2/STAT3 signaling pathway is one of the major mechanisms for cytokine signal transduction, and recent studies have shown that activation of this pathway plays a detrimental role following renal I/R injury. We observed an increase in activation of STAT3 (pSTAT3) in the kidney within 2 h of reperfusion. Next, we explored whether nicotine affected the STAT3 activation in this model. We found that nicotine pretreatment reduced the pSTAT3 expression after renal I/R injury (Fig. 5) . The Western blot data are supported by immunohistochemical studies showing a significant increase in nuclear staining (for pSTAT3) in vehicle-treated animals compared with nicotine-treated or sham-operated animals (Fig. 6 ).
DISCUSSION
The purpose of this study was to examine the expression and localization of nAChR subunits in the normal rat kidney and to elucidate the regulation of the ␣7nAChR after renal I/R injury. Our results reveal, for the first time, constitutive expression of many nAChR subunits in the rat kidney in vivo. Real-time PCR showed downregulation of the ␣7nAChR mRNA, West- Fig. 2 . The ␣7nAChR subunit mRNA is downregulated by renal ischemiareperfusion (I/R) injury. A: after 45 min of ischemia, rat kidneys were harvested at 2, 4, 6, or 24 h postreperfusion. Quantitative PCR was performed using total mRNA. The ␣7nAChR expression relative to healthy control is shown. *P Ͻ 0.05 vs. healthy control group. B: pretreatment with nicotine (1 mg/kg) significantly increased the mRNA expression relative to vehicle treatment. Values are means Ϯ SE (n ϭ 3 rats/group). **P Ͻ 0.005 vs. vehicletreated group. Rats underwent 45 min of renal ischemia followed by 2, 4, 6, or 24 h of reperfusion (I/R). Kidneys were harvested at the appropriate time and analyzed for proteasome activity. Results are expressed as the relative fluorescence per 30 g of tissue lysate. Values are means Ϯ SE (3 separate experiments representing 3 rats/group). *P Ͻ 0.05. ern blot analysis showed an increase in the ␣7nAChR protein after renal I/R injury, and immunohistochemical staining localized this increase mainly to the endothelium of cortical peritubular capillaries. Interestingly, pretreatment with nicotine increased the ␣7nAChR mRNA and downregulated the ␣7nAChR protein expression after I/R injury, which might be a mechanism associated with the renoprotection observed with cholinergic stimulation. Furthermore, we found that STAT3 signaling was increased by renal I/R injury, whereas it was inhibited by nicotine pretreatment. The results presented support a key role for the ␣7nAChR in modulating the renal response to I/R injury and may potentially be applicable to other inflammatory conditions of the kidney.
The nAChRs have been extensively studied in the nervous system, where they are known to mediate many physiological functions, including modulation of neuronal signaling at both the pre-and postsynaptic levels (12) . The recent identification of these receptors in nonneuronal tissues/cells has coincided with the discovery of the anti-inflammatory effects of cholinergic stimulation, termed the "cholinergic anti-inflammatory pathway." In particular, the dominant role of the ␣7nAChR in mediating this anti-inflammatory effect is now well accepted.
The functional importance of nAChRs in I/R injury is supported by recent data. Fujiki et al. (9) demonstrated the neuroprotective effects of donepezil, a nicotinic acetylcholine receptor activator, after cerebral infarction in rats, an effect that was prevented by coinjection with mecamylamine, a nAChR antagonist, indicating that protection was mediated by nAChR activation (9). Crockett et al. (7) showed the protection of early phase hepatic I/R injury by cholinergic agonists. Finally, our laboratory (38) and Sadis et al. (29) have shown that nAChR stimulation with cholinergic agonists protects the rat and mouse, respectively, from renal I/R injury. Together, our reports convincingly show the specific importance of the ␣7nAChR in mediating renoprotection. These findings come at a time when there is a critical need to develop novel therapeutic/ preventive agents that will markedly improve the morbidity and mortality associated with I/R injury in humans. Our current studies explore the role of the ␣7nAChR in the pathophysiology of acute renal injury. The precise physiological function of these receptors in the kidney is not known. Acetylcholine, the neurotransmitter at the vagal nerve ending, is the endogenous ligand for the nAChRs. The constitutive expression of these receptors in the kidney provides an intrarenal target for cholinergic stimulation and is consistent with acetylcholine being an autocrine/paracrine hormone in the kidney (24, 25) . Acetylcholine has long been known to influence renal vascular tone under both physiological and pathological conditions (13) . However, the use of acetylcholine for clinical purposes is very limited on account of its very short half-life. Therefore, nicotine and other less toxic cholinergic agonists such as GTS-21, which are exogenous ligands to these receptors, provide an opportunity to exploit the CAP to treat human disease.
After renal I/R injury, the ␣7nAChR, which mediates the anti-inflammatory effects of cholinergic stimulation, was markedly increased in the endothelium of the peritubular capillaries. The peritubular capillaries directly supply the tubules and are essential for maintaining the structure and function of the renal tubules (1, 21) . Many studies have shown the involvement of the vascular endothelium in the pathophysiology of renal dysfunction following I/R injury. For example, it has been shown that the endothelium of the peritubular capillaries overexpresses intracellular adhesion molecule-1 and P-selectin, which are important in mediating leukocyte trafficking during renal I/R injury (15, 22) . The vascular expression of the ␣7nAChR is consistent with the known vasodilatory effect of acetylcholine in the kidney and supports the dramatic attenuation of tubular damage after renal I/R injury observed in rats pretreated with cholinergic agonists (38) .
In this model, the ␣7nAChR mRNA expression was already decreased by ϳ50% at 2 h and was further decreased at 24 h postreperfusion. The reasons for the reduction in the mRNA expression and its effect on I/R injury outcome are not known. One possible reason for the reduction in the ␣7nAChR mRNA may be renal tubular damage, from either apoptosis or necrosis. In this case, the observed relative increase in the ␣7nAChR mRNA following nicotine pretreatment may be a direct reflection of the renoprotection, as evidenced by the reduced acute tubular necrosis and apoptosis noted in previous reports (29, 38) . In contrast to the mRNA regulation by renal I/R injury, Western blotting and immunohistochemical staining showed an increase in the ␣7nAChR subunit protein after renal I/R injury. The differential regulation of the mRNA and the protein expression indicates that the receptor expression is posttranscriptionally regulated (20) . Our results showing a reduction in proteasome activity after renal I/R injury are consistent with this. The significance of the increased ␣7nAChR protein level after renal I/R injury is not known. I/R injury causes an increase in calcium influx into cells that may be through both voltage-and ligand-gated calcium channels. The role of excess intracellular calcium as a major mechanism of cell injury and death during I/R injury is now well accepted (31, 35) . The ␣7nAChR is a calcium channel that may augment the calcium influx during renal I/R injury. The observed reduction in receptor protein expression following nicotine treatment may represent an important survival mechanism. Similarly, this reduction in receptor expression may be directly or indirectly related to the reduction in TNF production (38) .
The JAK2/STAT3 signaling cascade has been linked to ␣7nAChR activation (8) . Our data suggest that the activation of STAT3 is associated with a worse outcome after renal I/R injury. This observation is supported by a recent report showing that blockade of JAK2/STAT3 signaling with a selective JAK2 inhibitor attenuates renal I/R injury in rats (37). In summary, we have demonstrated constitutive expression of nAChRs in the rat kidney and that renal I/R injury regulates expression of the ␣7nAChR, a ligand-gated ion channel that mediates the anti-inflammatory effects of cholinergic stimulation. We also have shown evidence that administration of nicotine, a cholinergic agonist, protects against I/R injury, probably by modulating membrane expression of the ␣7nAChR. Our data suggest that the observed increase in the ␣7nAChR subunit protein without an increase in the mRNA expression following renal I/R injury is, at least in part, due to injury-induced proteasome dysfunction. The anti-inflammatory effects of cholinergic stimulation are increasingly being appreciated, and our findings represent a significant advancement in the understanding of the role of the nAChRs in renal I/R injury. Further elucidation of the downstream signaling mechanisms of ␣7nAChR-mediated renoprotection may lead to development of novel therapeutic strategies against renal I/R injury and other inflammatory diseases.
